ABSTRACT: The G2385R variant of the leucine-rich repeat kinase 2 (LRRK2) is strongly associated with Parkinson's disease (PD) in Asian populations. However, it is still unclear whether the clinical phenotype of PD patients with the G2385R variant can be distinguished from that of patients with idiopathic PD. In this study, we investigated motor and non-motor symptoms of LRRK2 G2385R variant carriers in a Chinese population. We genotyped 1031 Chinese PD patients for the G2385R variant of the LRRK2 gene, and examined the demographic and clinical characteristics of LRRK2 G2385R variant carrier and non-carrier PD patients. LRRK2 G2385R variant carriers were more likely to present the postural instability and gait difficulty dominant (PIGD) phenotype. This variant was also significantly associated with motor fluctuations and the levodopa equivalent dose (LED). G2385R variant carriers had higher REM sleep behavior disorder (RBD) screening questionnaire (RBDSQ) score and more RBD symptoms compared with non-carriers. We concluded that the G2385R variant could be a risk factor for the PIGD phenotype, motor fluctuations, LED values and RBD symptoms.
Parkinson's disease (PD) is a neurodegenerative movement disorder characterized by classical motor features (resting tremor, rigidity, bradykinesia, and postural instability) and a variety of poorly treatable nonmotor symptoms. Although the pathogenesis of this disease, which is the second most common movement disorder, has not been completely delineated, it has been thought to have a multifactorial etiology involving agerelated, genetic, and environmental factors [1] . With respect to the genetic component, leucine-rich repeat kinase 2 (LRRK2) variants have been recognized as the most common cause of both sporadic and familial PD to date [2] . Of these, the polymorphic variant G2385R has been strongly correlated to PD in the Chinese population, with this variant being observed in 11.9% of PD patients [3] , but is absent in Caucasian or Jewish patients.
Genetic association studies have suggested that patients with LRRK2-related PD may exhibit some unique phenotypic characteristics, including motor and nonmotor symptoms, although there are conflicting reports regarding the clinical presentation [4] [5] [6] [7] . Alcalay and colleagues [5] reported that the LRRK2 G2019S mutation was associated with the postural instability and gait dysfunction dominant (PIGD) phenotype rather than the tremor dominant (TD) phenotype in early onset PD based on the Unified Parkinson's Disease Rating Scale (UPDRS). However, another large study [4] observed that tremor was the most common motor phenotype among patients with the G2019S mutation, and that non-motor symptoms in PD with the G2019S mutation were more benign than those in idiopathic PD based largely on selfreport. Further studies [6, 7] reported no significant correlation of the LRRK2 G2385R variant with motor phenotype or non-motor symptoms in the Chinese population. Therefore, there appear to be populationspecific characteristics in PD patients with LRRK2 polymorphic variants. So far, the data on the motor and non-motor symptoms of Chinese PD patients carrying the LRRK2 G2385R variant are still limited [6, 7] . A detailed clinical characterization of PD patients carrying the LRRK2 variants is warranted.
In the present investigation, we explored the interplay between clinical features and the LRRK2 G2385R variant genotype in a cohort of Chinese PD patients to determine whether the LRRK2 G2385R variant influences the development of motor and non-motor phenotypes in this population of PD patients.
METHODS AND MATERIALS

Subjects
Patients with PD were recruited from the outpatient clinic at the Department of Neurology, Ruijin Hospital, affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China. PD diagnosis was carried out using United Kingdom PD Society Brain Bank criteria [8] . A total of 1031 patients were screened to identify individuals bearing the G2385R variant in the LRRK2 gene. All the participants provided written informed consent, and the study was approved by the Research Ethics Committee, Ruijin Hospital, affiliated to Shanghai Jiao Tong University School of Medicine, Shanghai, China.
Genetic analysis
Genomic DNA was extracted from peripheral blood using a standard phenol/chloroform extraction procedure. The LRRK2 G2385R variant was amplified by PCR with primer pair 5'-TCAATTCAGAATGGTTAGGGAAG-3' (forward) and 5'-GAAAAGATGGTGCTGAGAAGC-3' (reverse) as previously described [9] . The PCR products were purified and sequenced on an ABI 3730xl automated sequencer (Applied Biosystems, Foster City, CA, USA).
Subject evaluation
The following demographic and clinical data were collected from all patients: gender, age, onset age, duration, and medical history. Patient evaluation was carried out by movement disorder specialists who were blinded to the genetic status.
Motor manifestations
Disease severity was evaluated by the UPDRS and the modified Hoehn and Yahr (H-Y) scale while patients were on treatment. Patients were divided into TD or PIGD subtype, or an intermediate subtype, according to previously described methods [10] . Based on the UPDRS examination scores, patients were subdivided into tremor and PIGD divisions. The tremor division included eight items: self-report of tremor from UPDRS part Ⅱ, chin tremor, right and left arm tremor, right and left leg tremor, and right and left arm action and postural tremor from UPDRS part Ⅲ. The PIGD division included five items: self-report of falling, freezing, and walking difficulty from UPDRS part Ⅱ and gait and postural instability from UPDRS part Ⅲ. The patients were classified based on the ratio between the summed tremor and PIGD scores as follows: if the ratio was ≥1.5, the participant was classified as belonging to the TD subtype; if ≤1, then to the PIGD subtype; and if between 1.0 and 1.5, then to the intermediate subtype. As the occurrence of motor complications was an important problem in the long-term dopaminergic therapy, we evaluated the prevalence of dyskinesias and motor fluctuations (i.e., predictable wearing-off, unpredictable on-off fluctuations, delayed on effect or sudden off-periods) in PD patients using the UPDRS part IV as previously described [11] .
Non-motor manifestations
Non-motor symptoms were assessed using the Non-Motor Symptoms Questionnaire (NMSQuest) [12] . Autonomic dysfunction was evaluated using the Scale for Outcomes in PD for Autonomic Symptoms (SCOPA-AUT). Odor discrimination was performed as previously described [13] using a 16-item odor identification test, which was an extended version of the "Sniffin' Sticks" test (SS-16; Burghart Messtechnik, Wedel, Germany), and a cut-off score of 9.5 was taken to be indicative of olfactory dysfunction [14] . The Mini-Mental State Examination (MMSE) [15] was used to investigate cognitive function with a cut-off score of 24 indicating cognitive impairment. The 17-item Hamilton Depression Rating Scale (HAMD-17) was used to evaluate the severity of depressive symptoms [16] ; a score of 7 or less was indicative of remission, while higher scores indicated increased severity. The REM sleep behavior disorder (RBD) screening questionnaire (RBDSQ) [17] was used to investigate the RBD symptoms and a score of at least six positive answers was proposed as the cut-off value for clinical probable RBD (cpRBD) [18] .
Statistical analysis
All statistical analyses were performed using the SPSS 16.0 software for Windows (SPSS Inc., Chicago, IL, USA). Data were presented as mean ± standard deviation for numerical variables or numbers, and as a proportion of patients for the categorical variables. The KolmogorovSmirnov test was used to verify normal distribution. The T test or Mann-Whitney U test was used as appropriate to compare continuous data with normal distribution or otherwise. The chi-square test, Fisher's exact test, or the Mann-Whitney U test was used for the comparisons of the categorical variables. An analysis using a covariance model or a logistic regression model was used to evaluate and compare the potential covariates such as age and sex between groups. All statistical tests were two-tailed, and the limit of significance was set at a level of 0.05.
RESULTS
LRRK2 G2385R variant prevalence and gender distribution
We genotyped a total of 1031 PD patients (603 males and 428 females) and identified 117 subjects that carried the LRRK2 G2385R variant (11.3% of total; 61 males and 56 females). There was no significant difference in gender distribution between the LRRK2 G2385R variant carriers and non-carriers (61 males and 56 females vs. 542 males and 372 females; P = 0.139). 
Comparison of motor and non-motor phenotypes in variant carriers and non-carriers
Within the LRRK2 G2385R variant carrier group (n = 117), 38 patients were either referred back to their local physicians or were lost to follow-up. Three other patients who were treated with deep brain stimulation were also excluded. The remaining 76 patients were then further evaluated without knowledge of the PD subtype and clinical characteristics. Simultaneously, 225 patients who did not carry the LRRK2 G2385R variant were also subjected to further analysis to determine the clinical phenotype. Demographic and clinical characteristics for the two groups were provided in Table 1 and Table 2 . Analysis comparing the two groups revealed no significant differences in patient demographics or in disease severity parameters such as age, sex, education, disease duration, age at onset, H-Y stage and UPDRS scores from partⅠto part Ⅲ . However, LRRK2 G2385R variant carriers showed significantly higher scores for the PIGD division of the UPDRS (4.88 ± 3.02 vs. 4.08 ± 2.44; P = 0.014) and lower scores for the tremor division (5.24 ± 3.53 vs. 6.29 ± 3.92; P=0.033). G2385R variant carriers were more likely to present with the PIGD motor phenotype as compared with non-carriers (56.6% vs. 30.7%; P < 0.001). Conversely, the non-carrier group had lower PIGD scores (4.08 ± 2.44 vs. 4.88 ± 3.02; P = 0.014) and higher tremor scores (6.29 ± 3.92 vs. 5.24 ± 3.53; P = 0.033) than the G2385R variant carrier group; non-carriers also showed a greater prevalence of the TD motor phenotype (62.2% vs. 38.2%; P < 0.001). When compared with non-carriers, the frequency of motor fluctuations (35.53% vs. 22.22%; P = 0.016) and the levodopa equivalent dose (LED) values were also significantly higher in the carrier group (553.67 ± 329.84 vs. 467.71 ± 286.34; P = 0.016; Table 1 ).
Additionally, analysis of the non-motor symptoms between the two groups revealed that the G2385R variant carrier group had significantly higher mean RBDSQ scores (5.00 ± 3.21 vs. 3.87 ±2.91; P = 0.003) and the number of subjects with a RBDSQ score ≥ 6 (44.74% vs. 28.44%; P = 0.006) than in the non-carrier group, after adjusting for age and sex. Although the mean MMSE score was higher in the G2385R variant carrier group (27.78 ± 2.68 vs. 26.96 ± 2.92; P = 0.034), the frequency of cognitive impairment did not reach statistical significance between the two groups (1.32% vs. 6.22%; P = 0.089). There were no significant differences between the LRRK2 G2385R variant carriers and non-carriers with respect to the scores for NMSQuest, SCOPA-AUT, SS-16 and HAMD-17. Simultaneously, the frequency of hyposmia, depression and constipation in carriers did not significantly differ from that in non-carriers. 
DISCUSSION
The LRRK2 G2385R variant is the most commonly occurring pathogenic LRRK2 substitution in Chinese populations. In our study, this variant was observed at a frequency of 11.3% in PD patients, which was consistent with the results of other studies in Asian populations (range, 5.7-11.9%) [3, 7, 9, [19] [20] [21] [22] . Despite extensive study, the role of the LRRK2 G2385R variant in the development of PD remains unclear. This study was carried out to determine whether the LRRK2 G2385R variant was associated with unique phenotypic characteristics within a PD patient population. Our findings indicated that while non-carriers showed a higher prevalence of the TD subtype, LRRK2 G2385R variant carriers were more likely to manifest the PIGD motor subtype, which was associated with an increased mortality risk, accelerated cognitive decline, greater severity of autonomic symptoms, and greater functional disability when compared with the TD phenotype [10, [23] [24] [25] . In addition, the frequency of motor fluctuations and the LED values were also significantly higher in the G2385R variant carrier group. Our findings also showed that the mean RBDSQ score and the number of subjects with RBD symptoms were significantly higher in the G2385R variant carrier group than in the non-carrier group.
A growing number of clinical studies have focused on the motor symptoms of LRRK2-associated PD, and the literature indicates that LRRK2 variant carriers mainly manifest the TD motor phenotype [4, 26] , which is associated with a more benign clinical presentation compared to the PIGD phenotype [10, [23] [24] [25] . However, the motor subtypes identified in these previous studies were not based on the UPDRS scores, and the tremor and PIGD scores were not calculated. In line with the data reported by other groups [5, 27, 28] , Alcalay and colleagues [5] conducted examinations based on the UPDRS scores, and found an over-representation of the PIGD subtype in PD patients with the LRRK2 G2019S mutation compared to non-carriers. Similarly, in the current study, we had performed an extensive observation of the LRRK2 G2385R variant in association with the PIGD motor phenotype based on the UPDRS scores, and had highlighted critical clinical characteristics of LRRK2-related PD in this patient population. We placed special emphasis on the clinical subtype of the LRRK2 G2385R variant related PD patients because, importantly, the identification of specific motor subgroups could be reflective of disease progression and therapeutic response.
To our knowledge, this is the first report of an association between the G2385R variant and the development of the PIGD motor subtype of PD in a Chinese population. Our findings are not in line with those of previous studies [6, 7] ; Wang et al. [6] investigated multiple LRRK2 variants, including the G2385R and R1628P variant, but did not delineate the clinical characteristics associated with the individual variant. Moreover, this report did not classify the motor subtype based on the calculation of the scores in the TD and PIGD subdivisions. In the other study [7] , Gao et al. found no significant difference in motor subtypes when comparing the clinical profiles of 36 carriers and 139 non-carriers; however, it was noteworthy that the tremor score was significantly higher in the non-carrier group.
Previously, Hao et al. [29] and Li et al. [30] reported that in LRRK2 variant carriers as compared with noncarriers, there were no differences found in the non-motor phenotype through the use of NMSQuest. Our findings supported this result. Nevertheless, considering that NMSQuest was not sensitive enough to detect non-motor symptoms such as autonomic symptoms, olfactory function, cognitive function, depressive and RBD symptoms, we also used SCOPA-AUT, SS-16, MMSE, HAMD-17 and RBDSQ to further investigate associated non-motor symptoms. Our findings showed that the mean RBDSQ score and the number of subjects with the RBD symptoms were significantly higher in the G2385R variant carrier group. As RBD had been associated with a non-tremor predominant phenotype [31, 32] , and a higher rate of motor complications [33] in PD patients, our findings may further confirm an important relationship between RBD and motor phenotypes in PD patients with LRRK2 variants. Although the mean MMSE score was higher in the carrier group, we did not find any significant differences in the frequency of cognitive impairment between carriers and non-carriers. More sensitive examinations are necessary to detect cognitive function and to determine whether the PIGD motor phenotype is associated with cognitive impairment in LRRK2 variants carriers.
This study has some limitations. Only 76 LRRK2 G2385R variant carriers and 225 non-carriers were subjected to further analysis, and the analysis of larger samples would be valuable. Additionally, the MMSE may be too insensitive to detect subtle cognitive differences between G2385R variant carriers and non-carriers.
In summary, our study suggested that LRRK2 G2385R variant carriers present more frequently with the PIGD motor phenotype, motor fluctuations, LED values and RBD symptoms. To further test the association between the LRRK2 G2385R variant and clinical phenotypes, a longitudinal investigation including a detailed cognitive examination on a larger sample of LRRK2 G2385R variant carriers is required.
